This study examined the effect of sputtering power on the performance of zinc-tin-oxide field-effect transistors and the stability under photobias stress. Large improvements in the saturation mobility and subthreshold swing were found in devices fabricated at higher sputtering powers; 13.80 cm 2 /VÁs, 0.33 V/decade at a power of 400 W compared with 2.70 cm 2 /VÁs, 1.19 V/decade at a power of 50 W. The threshold voltage shift under negative bias illumination stress (NBIS) for the device fabricated at a power of 400 W shows superior properties (À2.41 V) compared with that (À5.56 V) of the device fabricated at 50 W. The improvements in electrical performance and NBIS stability were attributed to the formation of a denser film and the reduced dielectric/channel interfacial trap densities due to the more energetic bombardment used under high power sputtering conditions.
I. INTRODUCTION
Transparent oxide semiconductors (TOSs) used in fieldeffect transistors (FETs) require high electrical mobility (>10 cm 2 /VÁs), high optical transparency (>80% in the visible spectrum), high electrical uniformity over a large substrate area, and low processing temperatures. Among various TOS, systems based upon tin oxide (SnO 2 ), indium oxide (In 2 O 3 ), zinc oxide (ZnO), and combinations of these are known to satisfy these requirements. [1] [2] [3] In particular, InGaZnO 4 systems have been widely studied as the channel materials in FETs, which have found application as switching devices for flexible and active matrix flat panel displays. [4] [5] [6] In addition to these fundamental properties, improved stability over negative bias illumination stress (NBIS) is required for the practical implementation of oxide-based FETs in commercial electronic products. It is known that the trapping of photogenerated holes, the creation of ionized oxygen vacancy defects, and the chemical adsorption-desorption onto the back surface of the channel play crucial roles in governing threshold voltage (V th ) instability under light and bias stress conditions. [7] [8] [9] [10] [11] [12] [13] [14] The processing temperatures that may be used to fabricate these devices are generally limited by the low melting temperatures of the glass or plastic substrates used. These limited processing conditions inevitably lead to increased defect density in the channel materials, from oxygen vacancies and gate dielectric/channel interfacial trap states, which may also contribute to reduced device stability. 15 There is a need for processes that reduce the defect density of oxygen vacancies in the oxide channel layers and interfacial traps at gate dielectric/channel layers and improve the NBIS stability of oxide FETs. Recently, several methods that improve device stability have been suggested, such as impurity doping using Hf or Zr, and post-treatment by ozone or plasma. [7] [8] [9] 16 However, these methods led to an adverse reduction of the channel mobility and decreased carrier concentration. In this study, a significant improvement of both mobility and carrier concentration was observed by optimizing the sputtering condition for devices based on zinc-tin-oxide (ZTO) channel material.
There are several papers dealing with the influence of sputter parameters on pristine device characteristics. 10, 17, 18 However, less attention has been paid to the influence of sputtering conditions on device stability. The purpose of this report is to correlate the influence of sputtering power with NBIS stability. In the present study, ZTO was used in the channel layer of oxide FETs. The plasma power during sputtering is an important parameter that determines device characteristics, such as mobility, subthreshold swing, on/off current ratio, and NBIS stability. Device stability can be a) Authors to whom correspondence should be addressed; electronic addresses: jheo@jnu.ac.kr; thinfilm@snu.ac.kr improved with a simultaneous enhancement of mobility if appropriate sputtering parameters are used during fabrication of the channel layer.
II. EXPERIMENTAL PROCEDURE
A staggered bottom-gate and top-contact configuration was used for the fabrication of ZTO FETs. Highly doped p-type silicon wafers and 100-nm-thick thermal oxide were used for the bottom-gate electrode and a gate insulator layer, respectively. A 33-nm-thick ZTO channel layer was deposited by radiofrequency (rf) magnetron sputtering at room temperature. A 3-in.-diameter ZnO:SnO 2 ceramic target was placed approximately 15 cm above the substrate. The process pressure was 5 mTorr, and the relative oxygen flow rate over argon (O 2 /ArþO 2 ) was fixed at 0.3. The rf sputter power (P rf ) of the ZTO target was set at 50, 100, 250, or 400 W. The maximum rf power of the present sputtering system is limited to 400 W, due to possible crack formation from low thermal conductivity and brittle nature of the ZTO target.
ITO layers of 100-nm thickness were deposited as source and drain (S and D) electrodes using the same sputtering system at room temperature. The channel and source/drain regions were defined using shadow masks. The channel width (W) and length (L) of the fabricated FETs were 1000 and 300 lm, respectively. The FETs were finally annealed at 350 C for 1 h in air to improve electrical properties. Prior to electrical measurement, a 2.0-lm-thick poly methyl methacrylate (PMMA, MicroChem A4) passivation layer was formed by spin coating followed by baking at 100 C for 10 min to prevent the photoinduced adsorption and desorption of electronegative species, such as O 2 gas, from the ZTO surface.
The electrical characteristics were analyzed using a HP4155A semiconductor parameter analyzer at room temperature. To characterize the effects of NBIS on the transfer characteristics of the ZTO FETs, the device was stressed under the following conditions: gate voltage (V GS ) and drain voltage (V DS ) were set to À20 and 10 V at room temperature, respectively, and the maximum stress duration was 3000 s. A white halogen lamp was used as a light source with a wavelength of $650 nm selected using band-pass filters. The photo intensity was $3.0 mW/cm 2 , calibrated from photometry. The transfer curves were measured from one device as a function of the applied NBIS time. The negative bias stress was interrupted after a certain period of time to measure drain current-gate voltage (I DS -V GS ) curves while the light source was on.
The metal-insulator-semiconductor (MIS) capacitors were also fabricated to estimate the interface trap charge (Q it ) between the ZTO semiconductor and gate insulator. MIS samples were patterned by lift-off photolithography and the stack of the MIS capacitors followed the design of the FET devices (ITO/ZTO/SiO 2 /p þ -Si). The capacitance-voltage (C-V) measurements were performed using an HP 4284A impedance analyzer at a frequency of 100 kHz. The bias voltage was applied to the bottom p þ -Si, while the top ITO electrode was grounded. Hall-effect measurements for the ZTO films were carried out using a conventional van der Pauw configuration. Thermally evaporated 100-nm-thick aluminum electrodes were deposited as Ohmic contacts through a shadow mask for the Hall sample fabrication.
The chemical structure of the ZTO films was evaluated by x-ray photoelectron spectroscopy (XPS, SIGMA PROBE, ThermoVG, West Sussex, UK). Glancing angle x-ray diffraction (XRD) measurements were performed using Cu K a radiation at 40 kV and 30 mA (X'Pert-PRO MPD, PANalytical). High-resolution x-ray reflectivity (XRR) measurements were performed to determine the density and thickness of the ZTO films. X'Pert Reflectivity software package was used to fit the acquired data. The surface morphology and roughness of the films was examined by atomic force microscopy (AFM, JSPM-5200, JEOL). The structural properties of ZTO films were examined by glancing angle x-ray diffraction (GAXRD, X'Pert-PRO MPD, PANalytical) and high-resolution transmission electron microscopy (TEM, FEI, Tecnai F20). Figures 1(a) and 1(b) show that the XRR spectra of ZTO films and the estimated film density extracted using the critical angle, respectively. 19 The critical angle for total external reflection increases gradually with sputtering power, corresponding to an increase in density of the ZTO films. The density of the ZTO film deposited at 50 W was 4.86 g/cm 3 , while the density of the film at 400 W was 5.54 g/cm 3 . The density of the ZTO film grown at 400 W is even higher than that of ZTO film grown by atomic layer deposition ($5.3 g/cm 3 ). 20 In addition to XRD, an amorphous phase in all the ZTO films was clearly confirmed by TEM regardless of the deposition conditions. Inset of Fig. 1(b) shows the representative TEM and fast Fourier transformed images of the film deposited at 100 W. However, the physical and electrical properties of deposited ZTO films were strongly dependent on the sputtering power. Figure 2 shows the surface morphologies of the ZTO films deposited with different P rf , obtained by AFM. The root-mean-squared (RMS) roughness (R q ) of the films decreased monotonically with increasing sputtering power. The smoothest surface was observed for the film fabricated at a power of 400 W, which had a roughness of $0.29 nm. This is compared with the film fabricated at a power 50 W, which exhibited a roughness value of $0.55 nm. It is known that the sputtering power influences the potential distribution of the sputtered particle energies. 21 As sputtering power increases, the average kinetic energies of the sputtered atoms (Zn, Sn, and O) increases. The energetic bombardment of those adatoms may contribute to the densification of the film and flattening of the film surface owing to the atoms being more mobile on the film surface as long as the film does not crystallize. 22 If the film was in-situ crystallized, the higher P rf could have induced higher roughness due to the enhanced grain growth. Figure 3 shows the Hall measurement results of the ZTO films deposited using different P rf . The carrier concentration of the ZTO film fabricated at 400 W ($1.2 Â 10 18 cm
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) is two orders of magnitude higher than that of the film fabricated at 50 W ($9.9 Â 10 15 cm
) while the Hall mobility was about 16 times higher for the P rf of 400 W compared with the 50 W case. The carrier concentration and Hall mobility of the ZTO films increase simultaneously. Similar behavior of the simultaneous increase in both carrier concentration and mobility has been reported for other materials, such as indium-zinc-oxide, gallium-zinc-oxide, galliumindium-zinc-oxide, and ZTO films.
23-25 Figure 4 shows the O 1s XPS spectra of the four films. The binding energy of photoelectron was calibrated to the C 1 s peak for the C-C bond set at 284.5 eV. The O 1 s spectrum was fitted by three peaks: a peak at a lower binding 
energy is assigned to oxygen from regions of the ZTO matrix without oxygen vacancies (530.0 eV); a peak assigned to oxygen from oxygen-deficient regions of the ZTO matrix (531.1 eV); a metal hydroxide peak (531.9 eV). [26] [27] [28] The relative areas of these three peaks are summarized in Table I . The relative areas of the oxygen vacancy-related peak and the metal hydroxide peak were reduced monotonically with increasing rf power. In contrast, the relative area of the oxygen peak increased with increasing rf power. Figure 5 shows the evolution of the transfer characteristics for the fabricated ZTO FETs at various P rf conditions (50-400 W) as a function of the NBIS time. Table II summarizes the electrical device parameters that were extracted from the transfer curves. The characteristics of the pristine devices, before the application of stress, correspond to the transfer curves measured at 0 s (black lines). The V th was extracted from the gate voltage that induced a drain current of L/W Â 10 nA at V DS ¼ 10 V. The saturation mobility (l sat ) was calculated from the slope of the I DS 1/2 versus V GS plot according to the following expression:
where W is the width, L is the channel length, and C i is the gate capacitance per unit area. In addition, subthreshold swing , respectively. The improvement of Hall mobility and l sat with the increasing P rf could be attributed to the increased density of the ZTO films. It is reported that the conduction band of ZTO arises from overlap of hybridized Sn 5 s and O 2 p orbitals between constituent atoms based on first-principle calculations. 29, 30 The high-density crystalline structure is reported to have more uniform delocalization of Sn 5 s and O 2 p states than that of amorphous phases, which results in superior electron transport properties. This argument can be further extended to explain the device properties of the ZTO film with high-density film from high sputtering power. (Fig. 5) . The ZTO FET fabricated at a power of 50 W suffers from a large negative parallel shift (DV th $ À5.56 V) after applying NBIS for 3000 s, as shown in Figs. 5(a) and 6(a). As the P rf increases, the photobias stability of the ZTO FETs is enhanced. The device fabricated at a power of 400 W exhibits a decrease in DV th to À2.41 V as shown in Figs. 5(d) and 6(a). The negative V th shift in the NBIS condition can be explained as follows. (1) photoinduced hole trapping, 12, 31, 32 (2) phototransition of a pre-existing oxygen vacancy, 11 and (3) photodesorption from the channel surface. 8, 9, 14, 33 The mechanism (3) can be excluded because the ZTO channel layers were encapsulated by PMMA. In the hole trapping model, photogenerated hole carriers are trapped at the gate dielectric/channel interfacial defect states or gate dielectric bulk film. 32 However, the 650 nm light (of which photon energy ¼ 1.91 eV) source does not have over-band ($3.79 eV) photon energy; hence, the electron-hole pairs will be generated scarcely via band-to-band transition. 34 The phototransition model assumes that the oxygen vacancy defects act as the source of electrons in the conduction band. 13 Pre-existing neutral oxygen vacancies [V O ] are excited to the metastable charged
, which cause a negative shift in V th . Therefore, the phototransition phenomenon depends strongly on the concentration of V O in the ZTO film. It was noted that relative areas of the oxygen vacancyrelated peak decreased little with increasing P rf as confirmed by XPS (see Fig. 4 ). This variation is significantly lower than those previously reported. 7, 8, 13, 35, 36 Therefore, the improvement in sputtering power-dependent V th stability cannot be solely explained by the oxygen vacancy concentration.
A more plausible explanation is channel/gate insulator interface trapping. In the phototransition model, the ionized V O 2þ defect will diffuse toward the channel/gate insulator interface and accumulate under the applied negative gate bias used for NBIS. 31, 37 This processes may cause the negative V th shift under NBIS conditions. Therefore, the V O 2þ accumulation are strongly influenced by the interfacial quality at the gate dielectric/channel. Improvements to the interfacial properties can be inferred from the SS values of the pristine FETs that were fabricated and analysis of CÀV measurements of MIS capacitors. The SS values reflect the total trap density at or near the interface between gate dielectric and channel layer. 38 The pristine device fabricated at 400 W shows a superior SS value (0.33 V/decade) to that of the 50 W device (1.19 V/decade), which is attributed to a reduction of interfacial trap density. During the NBIS test, SS of the devices deteriorated [see Fig. 6(b) ]. The device fabricated at a power of 50 W showed most severe deterioration effect from the NBIS condition. Such result suggests that the quality of the ZTO/SiO 2 interface deteriorated as the P rf decreases. 39 Figure 7 shows the normalized CÀV characteristics of the MIS capacitors with ZTO thin films ranging in power from 50 to 400 W. The C-V curve of the device fabricated at a P rf of 50 W shows a gradual slope during the transition from the depletion to accumulation region and the slope of the CÀV curve increases in devices fabricated at higher P rf . It is reported that Q it stretch-out the CÀV curves because the occupancy of these state varies with applied voltage. 40 The improvements in the interfacial properties and electrical conductivity may be related to a bombardment effect during the film growth process. The energetic bombardment of atoms enhances local atomic rearrangement at the interface, lowering the trap state concentration at the gate dielectric/channel interface. It is also noted that the kinetic energy of the negatively charged O À ions increases with increasing P rf , so higher P rf may cause damage on matrix from energetic bombardment. It has been reported that damage on matrix may create gap states in the growing oxide films, and reduce the concentration of electrically active donor sites. 41 Thus, a number of papers dealing with other transparent conducting oxides reported that the lowest resistivity was obtained for samples fabricated at low sputtering power. 41, 42 In this study, however, the density of ZTO films was improved as the P rf was increased from 50 to 400 W. The obtained density values are still lower than the value ($6.3 g/cm 3 ) of the ZTO film in amorphous phase estimated from ab-initio calculation. 43 This suggests the existence of nanosized pores inside the films, and it is believed that the overall porosity of the film decreases with increasing the film's density without creating notable number of trap states. These improvements also contribute to the superior NBIS stability and electrical properties of the 400 W-deposited ZTO FETs. This may be because of differences in the sputtering systems or the use of much higher sputtering powers (in the kW range) than those used in this study. Our results suggest that precise optimization of the sputtering power is needed to control the growth and density of oxide semiconductors for FET applications.
IV. CONCLUSION
In summary, this study examined the effect of sputtering power on the device performance and photobias stability of ZTO FETs. Increases of the sputtering power during ZTO film deposition resulted in significant improvements to the electrical conduction properties of the films that were formed. The pristine ZTO FETs fabricated at a power of 400 W exhibited high l sat , low SS, and a good I on/off ratio of 13.80 cm 2 /V Á s, 0.33 V/decade, and 1.10 Â 10 9 , respectively, whereas the ZTO FETs fabricated at 50 W showed inferior performance with l sat of 2.70 cm . NBIS stability of ZTO FETs was found to be strongly dependent on the sputtering power. The ZTO FET fabricated at a power of 50 W suffered from a large negative V th shift (DV th $ À5.56 V) after application of NBIS. As the sputtering power increased, the photobias stability of the ZTO FETs was enhanced. The device fabricated at a power of 400 W exhibited a decrease in DV th to À2.41 V under the same NBIS conditions. In-depth analyses using CÀV and XRR measurements of the ZTO films revealed that an increase in the density of the ZTO films and enhancement of interfacial properties were important factors contributing to the high performance of these metal oxide FETs, which also showed excellent stability under photobias. 
